We report an Fe K-edge resonant inelastic X-ray scattering (RIXS) study of K0.83Fe1.53Se2. This material is an insulator, unlike many parent compounds of iron-based superconductors. We found a sharp excitation around 1 eV, which is resonantly enhanced when the incident photon energy is tuned near the pre-edge region of the absorption spectrum. Through momentum dependence measurements we find that this excitation has two contributions; a dispersive 0.8 − 1 eV excitation and a momentum-independent excitation at ∼ 1.15 eV. Calculations based on a 70 band dp orbital model, using a moderate U eff ≈ 2.5 eV, indicate that the ∼ 0.9 eV feature originates from the correlated Fe 3d electrons, with a dominant dxz and dyz orbital character, while the ∼ 1.15 eV feature arises from 4p interband transitions as a result of the Fe vacancy order. We find that a moderate U eff yields a satisfying agreement with the experimental spectra, suggesting that the electron correlations in the insulating and metallic iron based superconductors are comparable.
I. INTRODUCTION
Resonant Inelastic X-ray Scattering (RIXS) has emerged as a powerful technique to study momentum dependent magnetic-and charge-excitations in correlated materials. 1 In particular a significant insight into the dynamics of high-temperature superconducting cuprates has been gained (for a recent review see Ref. 2) . While Cu L 3 -edge RIXS (soft RIXS) is well suited for studying magnetic excitations in cuprates, 3 Cu K-edge RIXS (hard RIXS) is useful for understanding their charge dynamics. 4, 5 However in the case of iron based superconductors, experiments and results have been limited in both regimes.
Unlike cuprates, Fe in pnictides/chalcogenides is in a tetrahedral environment, where on-site mixing between Fe 4p and 3d orbitals is allowed. This mixing allows strong 4p → 1s type fluorescence emission that dominates most RIXS spectra, 6 which is not the case in cuprates where Cu is mostly in octahedral environments. Observation of charge or spin excitations in these Fe compounds with RIXS is thus very challenging, as the RIXS features are usually much weaker than the fluorescence line. In their Fe K-edge RIXS experiment, Jarrige and coworkers circumvented this problem by utilizing resonance at a much higher incident energy; here the contribution from the fluorescence line was much smaller.
Comparison of their results with ab initio calculation supported a moderate Coulomb repulsion of U eff ≈ 2.5 eV in the parent PrFeAsO compound. 7 At the Fe L 3 -edge where spectra are also dominated by a strong fluorescence signal, 8 a recent RIXS experiment succeeded in observing paramagnons in (Ba 1−x K x )Fe 2 As 2 , 9 in a similar fashion to a recent study on cuprates. 10 Although it was difficult to extract momentum dependence of the observed excitations, due to extremely low count rate, these results are encouraging. Moreover they demonstrate that both Fe K-and L 3 -edge RIXS can provide us with new insight into the physics of the iron based superconductors, just like cuprates.
Among iron based superconductors, alkali metal iron selenides (122 FeSe) present us with an interesting case for further RIXS studies.
These compounds, with a generic chemical composition A x Fe (2−y) Se 2 (A=K, Cs and Rb), [11] [12] [13] [14] are in many ways unique in comparison with their isostructural iron pnictides (122 FeAs). 15 First, measurements of the Fermi surfaces (FS), by angle-resolved photoemission spectroscopy (ARPES), [16] [17] [18] [19] show that these systems exhibit no nesting properties of electron-and hole-like Fermi surfaces (FS), which is incompatible with the FS driven spinfluctuation mediated superconductivity. [20] [21] [22] Second, the ground state of 122 FeSe can be made insulating for a particular value of y. 23, 24 Moreover, for that same value of y, a novel blocked antiferromagnetic (AFM) order with a large magnetic moment is found.
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The two most prominent unresolved issues in these materials are the observed Fe vacancies 24, 25 and the phase separation [26] [27] [28] in insulating and superconducting samples, respectively. This has made comparison with the iron pnictides challenging. There is not even a consensus on whether the parent compound is insulating, 23 semiconducting, 25 or even metallic. 29 However, the problem of phase separation, which exists in the superconducting materials (insulating/magnetic and metallic domains), [26] [27] [28] does not appear in the insulating samples (e.g. K 0.83 Fe 1.53 Se 2 ). These observations suggest that K 0.83 Fe 1.53 Se 2 could give us an opportunity to study an insulting compound with Fe K-edge RIXS.
In this work, we report an Fe K-edge RIXS study of insulating K 0.83 Fe 1.53 Se 2 . We find a sharp excitation around 1 eV. By measuring the momentum dependence of this excitation we can identify two contributions; a dispersive ∼ 0.9 eV dd-excitations and a q-independent Fe 4p interband transition at ∼ 1.15 eV. Calculations based on 70 band dp model, using a moderate U eff ≈ 2.5 eV, can capture the ∼ 0.9 eV feature, which is found to have a dominant d xz and d yz orbital character, while a 102 band orbital model, which takes into account the Fe 4p states as well, is needed to capture the ∼1.15 eV feature. Our findings suggest that although K 0.83 Fe 1.53 Se 2 is an insulator, it has a U eff comparable to that of metallic iron pnictides. In addition, the dispersion of our dd-excitation is found to be quite different from a similar excitation in PrFeAsO. 7 We speculate that this most likely originates from their dissimilar magnetic ordering.
II. EXPERIMENTAL DETAILS
The RIXS experiment was carried out at the Advanced Photon Source using the 30ID MERIX spectrometer. A spherical (1 m radius) diced Ge(620) analyzer was used and an overall energy resolution of 230 meV (FWHM) was obtained. The same experimental configuration was used in Ref. 7. The energy calibration was based on the absorption spectrum through a thin Fe foil. Most of the measurements were carried out in a horizontal scattering geometry near Q = (0 0 11) for which the scattering angle 2θ was close to 90
• , in order to minimize the elastic background intensity. The sample was freshly cleaved just before being mounted on a closed-cycle refrigerator. Details of the growth and the characterization of singlecrystal samples were reported earlier. 30 Throughout this paper, we use for simplicity the tetragonal high temperature I4/mmm unit cell with two Fe atoms per lattice point (a = b = 3.8Å and c = 13.6Å). In this notation the observed Fe vacancy order and the blocked AFM order, associated with the 
III. EXPERIMENTAL RESULTS

A. Incident Energy dependence
The Fe K-edge x-ray absorption near-edge spectra (XANES) taken in the partial fluorescence yield mode is shown in Fig. 1(a) . The spectra were obtained by monitoring the intensity of Kβ 1,3 emission line (3p → 1s) as a function of incident energy (E i ). Two distinct features are seen in the spectra, a sharp pre-edge peak around E i = 7.111 keV, corresponding to excitations into the empty Fe 3d/4p states hybridized with Se 4p states, and the main edge around E i = 7.120 keV, corresponding to excitations into mostly empty Fe 4p states. The incident energy dependence of the RIXS spectra for energies around the pre-edge (as indicated by vertical lines in Fig. 1(a) ) is plotted in Fig. 1(b) . To suppress the elastic line the measurements were carried out at Q = (0.5 0.5 10.75) at T = 15 K, giving 2θ close to 90
• . A broad and strong inelastic feature is seen in the ω =3-7 eV range ( ω = E i − E f with E f as the final energy of the outgoing x-ray). We assign this feature to an Fe 4p interband transition. Such a transition is possible since the absence of a center of symmetry at the tetrahedral Fe site allows a significant on-site mixing between Fe 3d and 4p orbitals to occur, pushing some of the Fe 4p states below the Fermi level. Therefore one can excite electrons from predominantly 4p band to the hybridized 3d-4p band just above the Fermi level. In between the Fe 4p interband transition and the elastic peak ( ω = 0) we observe a clear shoulder-like RIXS feature around ω ≈ 1 eV. Their intensity and position dependence on incident energy, E i , was investigated. We fitted two spectral features using two Gaussian functions of fixed widths and a linear background to account for the Kβ 1,3 emission line at higher energy loss. In Fig. 2 (a) we plot the integrated intensity of the 1 eV feature and the Fe 4p interband transition as a function of E i , in both cases a large resonance enhancement near E i = 7.111 keV is observed. At higher incident energies the Fe 4p interband transition loses intensity and evolves into the Kβ 2,5 emission line (includes 4p → 1s transition). Since emission occurs at fixed outgoing photon energy (E f ), the peak position as a function of energy transfer ( ω) will be proportional to E i , following a linear dashed line as shown in Fig. 2 (b). The 1 eV peak is however only visible around the resonant incident energy. 
B. Momentum dependence
Further insight into the nature of the 1 eV feature can be gained by measuring its momentum dependence. In Fig. 3 (a) we plot the low energy part of the RIXS spectra of K 0.83 Fe 1.53 Se 2 after subtracting contributions from the elastic line, obtained by measuring the spectrum offresonance at E i = 7.107 keV. 33 Each spectrum was normalized by the Fe 4p interband transition (see comment at the end of this paragraph). Spectra were obtained along the high-symmetry directions as shown in the Brillouin zones (BZ) in Fig. 3 (b) , where Γ is Q = (0 0 11.5), X is Q = (0.5 0 11.25), and M is Q = (0.5 0.5 11.3). To emphasize the momentum dependence we have superimposed data obtained at the Γ-point as dashed red line. Scans along Γ − M and Γ − X exhibit similar variations; the intensity above 1 eV stays unchanged while it evolves with q below 1 eV. In particular we observe enhanced intensity around 0.9 eV for both zone-boundary M -and X-points. Since we only have data for a limited number of q-points and the spectral variation is small, extracting any dispersion relation is difficult. However, we can see that the ∼1 eV feature in Fig. 1 (b) consists of at least two components, a dispersive ∼ 0.9 eV excitations and a q-independent excitation at ∼ 1.15 eV (both highlighted in gray). The Fe 4p interband transition does not show any variations with q, this is evident from Fig. 3 (c) where we compare Γ and M -points. This lack of momentum dependence allows us to use the Fe 4p interband transition to normalize each spectrum in Fig. 3 (a) . 
IV. THEORETICAL CALCULATIONS
The spectral properties discussed above were not observed in previous Fe K-edge RIXS experiment on PrFeAsO, 7 suggesting that these features are specific for the 122 FeSe family. In order to understand the origin of this difference, we performed first-principles electronic structure calculations for √ 5 × √ 5 Fe vacancy ordered K 0.8 Fe 1.6 Se 2 using the WIEN2k code.
34 By fitting the band structure to a tight-binding model, using the wannier90 code, 35 the RIXS spectra could be explicitly calculated. Details about the calculation method are found in Refs. 36,37. We used two different tight-binding models. The first is a 102-orbital model, which includes Fe 3d, Fe 4s, Fe 4p, and Se 4p orbitals in order to reproduce the density of states (DOS) near the Fermi level (E F ) as precisely as possible. The second, a 70-orbital model, inluding only Fe 3d and Se 4p orbitals, is used to calculate the low-energy RIXS spectral weight, which has a strong contribution from the correlated Fe 3d electrons. We note that since the band structure calculations overestimate the bandwidth of the states in the energy range -2 eV<E <1 eV, a renormalization factor of ∼ 2 was needed. This is the same bandwidth renormalization factor previously used to describe ARPES results with LDA calculations.
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A. 102-orbital model: Fe 4p interband transition
In Fig. 4 (a) the Fe 3d and 4p DOS from the 102-orbital model is plotted. Since the Fe 4p partial DOS extends across E F , the Fe 4p states below E F should contribute significantly to the RIXS spectra. The following excitation process is considered: a 1s core-electron is promoted, through the absorption of a photon (black arrow), into the empty Fe 4p states and subsequently an Fe 4p electron below E F fills the 1s core-hole (blue arrows), leaving behind an excited state. In Fig. 4 (b) we plot this calculated RIXS spectrum (dashed line) as obtained from the 102-orbital model at the Γ-and M -point. Due to the DOS gap around −1.5 eV, two separate excitations at 1 eV and 3-7 eV are obtained. To account for the observed optical gap we have shifted the calculated spectrum by 350 meV towards higher energy loss. As a result, we achieve good agreement with the overall experimental spectrum. However, no noticeable momentum dependence is observed for excitations around 1 eV.
B. 70-orbital model: RIXS
Since the low-energy RIXS spectral features are expected to originate from Fe 3d and Se 4p, we carried out a separate calculation using the 70-orbital model which only focuses on these orbitals. This reduction in number of orbitals allows us to include the electron correlation, which is too computationally taxing for the 102-orbital model. In the 70-orbital calculation, processes to screen the 1s core-hole are included and the randomphase approximation is used to account for Fe 3d electron correlations. 40 The block-checkerboard AFM ordering The plot demonstrates that the 0.9 eV feature consists mostly of excitation into the dxz and dyz orbitals.
is described within the Hartree-Fock approximation.
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The on-site Coulomb integrals are included as U (intraorbital), (Hund's coupling) . For U = 5 eV, we get an energy gap of about 540 meV at E F and an ordered moment of 3.5 µ B , which is in agreement with neutron scattering 24 and optical conductivity. 30 Since the bandwidth (W ) in ARPES experiment is renormalized by a factor of ∼ 2, 38,39 the experimentally relevant U eff ∼ U/2 ∼ 2.5 eV, this leaves the physically meaningful ratio U/W unchanged.
Having selected appropriated parameters for the 70-orbital model we are now in a position to discuss the momentum dependence shown in Fig. 3 (a) . In Fig. 4 (b) , the calculated RIXS spectrum at the Γ and M -points for both 70-and 102-orbital results are compared with the experimental data. Now with the 70-orbital calculation, the enhancement of RIXS intensity at low energy ( ω < 1 eV), moving away from the Γ point, can now be qualitatively captured. Similar results are observed for the Γ-X direction. In Fig. 4 (c) , the RIXS contributions from the Fe 3d and Se 4p states are highlighted. While these states have rather limited contributions below 1 eV at the Γ-point, a large increase of spectral weight below 1 eV is observed at the M -point. In Fig. 4 (d) we plot the orbital resolved contribution of the Fe 3d states at the M -point. The lighter-shaded area represents the total contribution from all the Fe 3d states while the darkershaded area a transition into only the d xz and d yz orbitals (see labels in the caption). From the plot we can see that the 0.9 eV feature consists mostly of excitation into the d xz and d yz orbitals.
Our RIXS spectrum can be used to investigate the size of Coulomb repulsion, U eff = 2.5 eV. In Fig. 5 we plot the contribution from Fe 3d/Se 4p states to the RIXS spectrum over wide energy range as derived from the 70-orbital model. Calculations are shown for both Γ-point (red) and M -point (blue) for various values of U eff . As U eff increases from 1 eV to 2.5 eV we notice that the momentum dependence of the spectrum above 1 eV, which originates from Fe-Se pd charge-transfer (CT), evolves significantly with U eff . In particular, the large difference present between the Γ-and M-point spectra for U eff = 1 eV more or less disappears for U eff = 2.5 eV. The U eff = 1 eV behavior is inconsistent with our findings in Fig. 3(a) where changes were limited to the spectrum below 1 eV and therefore support our previous estimate of U eff = 2.5 eV. We would like to point out that this value is in line with values obtained for a realistic blocked AFM state in a five orbital Hubbard model. 41 This suggests that even in this insulating compound, a moderate Coulomb repulsion similar to the iron pnictides is sufficient. 
V. DISCUSSION
To summarize our results, we find two low-energy spectral features as well as a broad peak around 3-7 eV in our Fe K-edge RIXS investigation of K 0.83 Fe 1.53 Se 2 , an insulating iron chalcogenide. The low-energy features originate from excitations within Fe 3d, 4p, and Se 4p states, and made up of a dispersive (bandwidth of about 0.2 eV) feature around 0.9 eV and a non-dispersive feature around 1.15 eV. The broad high energy peak arises from an interband transitions between Fe 4p states mixed with Fe 3d states. Overall energy positions and intensities can be captured using the 102-orbital model, which include Fe 3d, 4s, and 4p, and Se 4p states. However, the 102-orbital model, which does not take into account correlations, can not describe the dispersion of the 0.9 eV feature. By using instead the 70-orbital model, which focuses on the Fe 3d and Se 4p states and takes into account correlations, a satisfactory description of the 0.9 eV feature is achieved using U eff = 2.5 eV. In addition the 70-orbital model shows that a non dispersive Fe-Se pd CT excitation is found in the same energy interval as the Fe 4p interband transition. However, given the low intensity and the lack of momentum dependence, the CT excitation could not be resolved in our RIXS spectrum and is instead hidden in the strong Fe 4p interband transition.
In optical conductivity measurements of K 0.83 Fe 1.53 Se 2 , a sharp double-peak structure in the 0.5-0.75 eV range was observed, and was attributed to the particular magnetic and Fe vacancy ordering.
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However, it is unlikely that the 0.9 eV RIXS feature has the same origin, since optical spectra represent q=0 excitations, and our calculations have shown that the 0.9 eV feature only appears for a finite in-plane momentum. We point out that since the dispersing 0.9 eV feature consists mostly of excitations involving the d xz and d yz orbitals a sizable orbital dependent correlations could exist in the insulating K 0.83 Fe 1.53 Se 2 . We note that these are the same orbitals that are believed to give rise to the observed nematicity in the 122 FeAs.
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We also note that the d xy orbital, which was found to go through metal-insulator (Mott) transition in the superconducting 122 FeSe samples, 45, 46 does not make a significant contribution to the 0.9 eV feature. More generally, our observation lends support to theoretical models that consider both orbital-and spin-fluctuation to contribute to the strong pairing interaction needed for superconductivity. 47 Next, we compare the current results with previous Fe K-edge RIXS experiment on PrFeAsO.
7 Overall spectra bear many similarities, but there are some differences.
First, in both systems a non-dispersive excitation at 3-5 eV was found. Due to the √ 5 × √ 5 Fe vacancy order in K 0.83 Fe 1.53 Se 2 the DOS has a gap around −2 eV, which splits the occupied Fe 4p states. This pushes the Fe 4p interband transition energy higher by about 600 meV, when compared to PrFeAsO. 48 In addition, the higher incident energy used in the study of PrFeAsO seems to suppress the intensity of the Fe 4p interband transitions. As a result, the 3-5 eV feature in PrFeAsO was mostly associated with CT, while in K 0.83 Fe 1.53 Se 2 it has both CT and Fe 4p interband transition characteristics. Second, although in both K 0.83 Fe 1.53 Se 2 and PrFeAsO a low energy dd-excitation with a dominant d yz and d xz orbital character is found, their dispersions are quite different. Whereas in PrFeAsO the dd-excitation is present at the Γ-point and disperses towards higher energy (bandwidth ∼ 0.4 eV) with increasing in-plane momentum, the 0.9 eV feature in K 0.83 Fe 1.53 Se 2 is much weaker at the Γ-point and appears instead to disperse towards lower energy with increasing in-plane momentum. Since the particular dispersion of the dd-excitation in PrFeAsO was associated with local magnetic correlations, reflecting the collinear antiferromagnetic order, we speculate that the dispersion of the 0.9 eV feature is influenced by the different local magnetic correlations, originating from the blocked antiferromagnetic order. Therefore, it seems that RIXS is sensitive to the local magnetic ordering pattern.
Finally, it is quite illuminating to compare the RIXS spectra in Fe based superconductors and cuprates. The most prominent difference between the RIXS spectra of these two families of compounds is the difference in scattering cross-section. Cuprate RIXS spectra usually show prominent and well-defined charge-transfer excitations between 2-7 eV, while iron based materials do not show such a well defined feature, This contrast can be ascribed to the difference in the hybridization of the respective d-orbitals. In cuprates the spatial overlap between Cu d x 2 −y 2 orbitals and oxygen p x,y orbitals is quite large, and the hybridization is sizable. In the Cu K-edge process in cuprates the screening of the Cu 1s core hole is mainly provided by the charge transfer from the oxygen p orbitals, resulting in salient features associated with the charge-transfer excitation in the spectra. On the other hand, in iron based superconductors Fe d orbitals are in tetrahedral environment of pnictogen or chalcogen atoms, the hybridization between orbitals from the two sites is thus much smaller. In addition, the tetrahedral environment allows on-site Fe 4p − 3d hybridization. Therefore, there exist more channels to screen the 1s core hole in the Fe K-edge RIXS experiment, since Fe d, p, and Se p states are all available for the screening. As a result, the spectral features are all quite weak and perhaps there are more contributions than one dominant charge-transfer excitation. Another consequence of the Fe d − p hybridization is the large fluorescence signal in iron compounds. Since significant Fe 4p density of states are found near the Fermi level, fluorescence occurs at low energy transfer, which overlaps with the RIXS features. On the other hand, Cu 4p DOS is far away from the Fermi level in cuprates, and does not usually interfere with the RIXS spectra. For these two reasons, RIXS investigation of iron based superconductors are much more challenging than the study of cuprate compounds. Depending on the specific spectral feature one wants to focus on, a judicious choice of incident energy should be considered in the experimental design process.
VI. CONCLUSIONS
We have successfully measured charge excitations in the insulating K 0.83 Fe 1.53 Se 2 using Fe K-edge resonant inelastic x-ray scattering (RIXS). Our key observation is the appearance of a sharp excitation around 1 eV when the incident energy is tuned to the pre-edge. Through momentum dependence measurements we show that this excitation has at least two contributions; a dispersing ∼ 0.9 eV dd-excitation and a q-independent Fe 4p interband excitation at ∼ 1.15 eV. Calculations based on 70 orbital model, using a moderate U eff ≈ 2.5 eV, indicate that the 0.9 eV feature originates from the correlated Fe 3d electrons with a dominant d xz and d yz orbital character, emphasizing the importance of those orbitals across different families of iron based superconductors. The dispersion of the dd-excitation in K 0.83 Fe 1.53 Se 2 is found to be quite different from a similar excitation in PrFeAsO, 7 we speculate that this most likely originates from their dissimilar magnetic ordering. In addition, we find that the ∼ 1.15 eV feature is associated with the peculiar √ 5 × √ 5 Fe vacancy order. Our results show that a moderate U eff is in qualitative agreement with our RIXS spectrum, suggesting that comparable correlations can be found in the insulating and metallic iron based superconductors.
